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Low dimensional doping (usually known as 6-doping) is a technique which intends to spatially 
confine the dopants to one or a few atomic layers during epitaxial growth of semiconductor materials. 
Extensive studies of 6-doping in III-Vs arise from unique electronic and optoelectronic properties of 6- 
doped structures and practical flexibility of placing 6-doped layers into novel devices for improved 
performance. Recent progress has led to successful growth of n-type and p-type 6-doped III-Vs by 
MOCVD. 
A 
mong p-type dopants in I lL 
Vs, carbon has been consid- 
ered as an ideal shallow ac- 
ceptor owing to its smallest diffusion 
coefficient. Carbon bulk-doping is 
implemented using a doping precur- 
sor, such as CC14, or reducingV/III ra- 
tios or using TMAs as an alternative 
arsenic precursor  to AsH3 at low 
growth temperatures. High quality C 
&doped GaAs has also been grown 
in MOCVD using CC14 as a doping 
precursor. The damage by CC14 to the 
environment is a major concern relat- 
ing to its use. The search for new alter- 
native C doping precursors  is of  
technological interest. 
Recently, the author and co-work- 
ers reported the use of one common 
metal organic precursor in MOCVD 
reactors -- TMA1 (trimethylalumi- 
nium) -- as an efficient C &doping 
precursor [1-3]. Comparing toTMGa 
[4], they found that the free hole den- 
sity of C &doped (A1, Ga)As becomes 
almost insensitive to the change of 
growth  temperature  f rom 580 to 
670°C and almost independent of A1 
mole fraction. The sheet hole density 
of C &doped layers can be varied over 
the range of 5 x 1011 to 3 x 1013 cm -2 
(or the peak hole concentration from 
> 5 X 1017 cm -3 to 4 X 1019 cm -3) by 
simply changing the amount of TMA1 
moles supplied uring a &doping step 
(see Fig. 1). The full hole profile width 
at the half maximum of C 8-doped 
layers in (A1, Ga)As is ,~ 80 A. Similar 
to the findings in C bulk-doped (A1, 
Ga)As, hydrogen passivation of active 
C acceptors has also been observed in 
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Figure 1. The EC-V and SIMS profiles of C 6-doped pipi doping superlattices in GaAs. The ~- 
doping time was 4 s with the TMAI flow rate of (a) 9.5 x 10 .6 mol min 1, (b) 6.3 x 10 .6 mol min i, (c) 
4.8 x 106 mol min -1 and (d) 3.2 x 10 .6 mol min-k 
C &doped (AI, Ga)As. Proper post-an- 
nealing in an inert gas ambient, i.e. 
100% Ar or N2, enables the hydrogen 
passivated C acceptors to be activated. 
It was found that depending on the 
growth conditions, the post-anneal- 
ing could lead to an increase in the free 
hole density by up to a factor of 2. 
Comparing with Zn &doping (see 
our previous report in III-Vs Review 
9(1) (1996) 40), C &doping appears to 
be more attractive owing to its smallest 
diffusion coefficient ( < 10 -16 cm2s -1 at 
920°C), particularly in the case where 
the limited out-diffusion of the do- 
pants is critical to device performance 
such as home-nipi and hetero-nipi for 
optical modulators, planar doped bar- 
rier, QW avalanche photodiodes, and 
VCSEL. The success of C &doping 
using metal organic sources as a 8- 
doping precursor has led to demon- 
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Figure 2. The photoluminescence spectra of Si and C k-doped nipl doping superlattice in GaAs as 
a function of laser beam intensity. 
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Figure 3. A light intensity vs current curve of the InGaAs GRINSCH-SQW laser with novel C 8- 
doped pipi doping superlattice as an ohmic contact layer. The insert is the emission spectrum. 
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Figure 4. A DCXRD rocking curve of C 8-doped pipi doping superlattice in AIo.asGao.65As. 
stration of the first MOCVD-grown Si 
and C &doped nipi doping superlat- 
tices in GaAs [5]. Under their growth 
conditions, full compensation has 
been realised by choosing proper 
growth parameters at630°C, giving a 
background carrier concentration of
< 2 x 1016 cm -3. A significant shift of 
photoluminescence peak energy by 
about 200 meV, when a probing laser 
intensity changes from 0.1 to 100 mW 
mm -2, indicates achievement of high 
quality nipi doping superlattice in 
GaAs (see Fig. 2). 
Carbon &doping has also been 
used to fabricate C &doped pipi dop- 
ing superlattices in (AI, Ga)As, which 
give rise to bulk-like-doped layers (see 
Fig. 1). Those heavily C &dopedpipi 
doping superlattices can be potentially 
used in HBTs for the base layer. The 
use of C &dopedp~i doping superlat- 
tices as a novel C &doped ohmic con- 
tact layer has led to fabrication of Zn 
free InGaAs GRINSCH-SQW lasers, 
which demonstrate v ry low thresh old 
currents of < 7 mA and very high out- 
put powers of > 100 mW (see Fig. 3) 
[6]. 
The significance of C 8-doping 
achieved by using TMAI or TMGa 
(the latter can only be used to have 
low free hole densities in A1GaAs)[4] 
as a 8-doping precursor is that C 8- 
doping can be practiced in MOCVD 
without any additional source require- 
ment because of common availability 
of TMA1 as well as TMGa in conven- 
tionally equipped reactors. This gives 
great flexibility to incorporate C ~- 
doped layers or C 8-dopedpipi doping 
superlattices in device structures. Si 
and C &doped homo-nipi in GaAs 
and C 8-dopedpipi doping superlat- 
tices for lasers have demonstrated its
potential applications to a variety of 
electronic and opto-electronic de- 
vices. The incorporation ofC 8-doped 
layers in structures does not degrade 
crystal quality ofepjtaxial layers under 
optimised growth conditions. The 
DCXRD rocking curve shown in 
Fig. 4 indicates the existence of strain 
in C ~-dopedp~i doping superlattices 
in A10.3sGa0.6sAs. It has to be men- 
tioned that along with C incorpora- 
tion, a small amount of A1 or Ga 
atoms, depending on the use of TMAI 
orTMGa, are also incorporated into 8- 
doped layers. The existence of A1 
atoms in C &doped GaAs has been 
profiled in SIMS. 
The C 8-doping implemented 
usingTMA1 orTMGa as a doping pre- 
cursor can be briefly described as fol- 
lows. Compared to the conventional 
8-doping sequence of "purge-dop- 
ing-purge" in the AsH3 containing 
ambient, C 8-doping is completed in 
the AsH3 free ambient. As usual, there 
are one pre-8-doping purge step and 
one post-&doping purge step in the 
AsH3 containing ambient. During 
the C &doping step, TMA1 orTMGa 
is introduced into the reactor without 
ASH3. The moles of TMA1 or TMGa 
supplied during the &doping step 
can be altered by changing TMA1 or 
TMGa flow rate at a given 8-doping 
period of time or vice verse. Too long 
8-doping time, also depending on 
growth temperatures, may cause de- 
gradation of morphology due to the 
absence of AsH3. Based on the reports, 
less than 10 s of&doping time at tem- 
peratures between 580-630°C is ap- 
p l i cab le .  More  deta i l s  about  
parametric dependencies of C 8-dop- 
ing can be found in relevant reports. 
References 
[1] G. Li, M. Petravic and C. Jagadish, J.
Appl. Phys. 79 (1996) 3554. 
[2] G. Li and C. Jagadish, AppZ Phys. Lett. 
69 (1996) 2551. 
[3] G. Li and C. Jagadish,J. CrystalGrowth 
(in press). 
[4] T. Makimoto and N. Kobayashi, JpnJ. 
AppL Phys. 32 (1993) L1300. 
[5] G. Li, C. Jagadish, M. B. Johnston 
and M. Gal, AppL Phys. Lett. 69 (1996) 
4218. 
[6] S.Yuan, G. Li, H. H. Tan, C. Jagadish 
and E Karouta,The 9th Annual meeting 
oflEEE Lasers and Optics Society, Bos- 
ton, 1996. 
Contact: 
Dr Gang Li or Dr C. ]agadlsh 
Dept of Electronic Materials Engineering 
Research School of Physical Sciences 
and Engineering 
Australian National University 
Canberra, ACT 0200, Australia 
Tel/fax: +61-(6)-249 434/0511. 
E-mail: glil09@rsphysse.anu.edu.au or: 
cxj109@rsphysse.anu.edu.au 
IIl-Vs Review • Vol. lO No.2 1997 
38 0961-1290/97/$17.00 ©1997, Elsevier Science Ltd 
